Abstract: At Vesuvius, osumilite, (K, Na)(Fe, Mg) 2 (Al, Fe, Mg) 3 (Si, Al) 12 O 30 , has been found for the first time in rare contactmetamorphosed rocks ejected during the 1872 A.D. eruption, one of the most violent eruptions of the 19th century. Chemical analysis shows that osumilite is homogeneous and characterized by high Mg numbers (between 88 and 90). Fe shows an average value of 0.247 apfu and K is always greater than 0.810 apfu, with an average value of 0.872 apfu. Structure refinement is consistent with space group P6/mcc.
Introduction
Osumilite is an anhydrous double-ring silicate belonging to the milarite group (Miyashiro, 1956; Forbes et al., 1972; Armbruster & Oberhänsli, 1988; Hawthorne et al. 1991) . Originally, osumilite was reported from volcanics of Sakkabira, Japan, and was considered a rare mineral. Up to now, more than 30 natural occurrences are known (Malsy, 2003) , like xenolithic hosts in acid volcanic rocks, "dry" high-grade metamorphic rocks, shallow to deepseated contact metamorphosed rocks and fused hornfelses (e.g. buchites). The crystallization conditions range from near-solidus volcanic to granulite metamorphic facies (Das et al., 2001) . Synthetic osumilite-type phases have also attracted the interest of ceramists and engineers (Winter et al., 1995; Lambrinou et al., 2007) .
First experimental work on osumilite stability was conducted by Schreyer & Schairer (1962) , Schreyer & Seifert (1967) and Seifert & Schreyer (1969) , and indicates that osumilite is not stable in hydrous low-temperature conditions.
The ideal formula of osumilite, which crystallizes in space group P6/mcc , is XII C VI A IV 2 (T2) IV 3 (T1) 12 O 30 , where C = (K, Na, Ca), A = (Mg, Fe), T2 = (Al, Fe, Mg) and T1 = (Si, Al). Its structure is characterized by six-membered double-rings of (Si, Al)O 4 tetrahedra (T1). Si occurs only in ring-forming and not in linking tetrahedra. Edge-sharing octahedra A and T2 tetrahedra build 12-membered T2/A rings. Alternating T1 double-rings and T2/A rings are stacked above each other, thus forming continuous channels running parallel to the c-axis (Armbruster & Oberhänsli, 1988) . Along these channels, the C site is situated in a cage between adjoining double-ring units in the center of the T2/A rings. C is occupied by K (rarely by Na and Ca) in 12-fold coordination. Two additional atomic position are known, XVIII D in the centre of the double-ring and IX B at 1/3, 2/3, z, where z is close to zero . However, in osumilite, both sites are assumed to be empty. The presence of H 2 O molecules in the D position (Brown & Gibbs, 1969) , has never been confirmed by modern structure refinements (Deer et al., 1997) . The unusual optical biaxiality displayed by some osumilites was alternatively linked to Si/Al order or to channel Fe 2+ (Goldman & Rossman, 1978; Waychunas, 1986) , but neither X-ray diffraction and infrared spectra nor single-crystal studies yielded evidence for any clear correlation (Hesse & Seifert, 1982) . Taran & Rossman (2001) confirmed the absence of Fe in osumilite channels.
Italian osumilite occurrences are related to three localities: Mt. Arci (Rossi, 1963) , Vico volcano (Parodi et al., 1989) and, more recently, Vesuvius volcano (Balassone et al., 2004) . The Mt. Arci sample comes from the rhyolitic deposit of Funtanafigu quarry. It shows a typical dark-blue tabular to prismatic habit and grows within fissures parallel to fluidal texture. Vico volcano osumilite occurs as rare individuals in a volcanic ejectum inside the basal trachytic flow of the volcanic complex, in association with vanadium-rich pseudobrookite. At Vesuvius, osumilite has been found for the first time in rare rocks ejected during one of the violent eruptions of the 19th century. The aim of this study is a crystallochemical characterization of an osumilite from Vesuvius for a more complete understanding of the crystal-chemistry of this mineral.
Occurrence
The osumilite-bearing ejecta are associated with the 1872 eruption at Vesuvius. This eruptive event belongs to the recent volcanism of the Somma-Vesuvius (eruptive cycle 1631-1944 A.D.) , which comprises all the exposed lavas of the volcanic complex, and whose evolutionary pattern indicates a progressive closing of the volcano starting from the 1631 eruption (Lirer et al., 2005) . During the 1872 eruption, a lava flow was extruded via a new deep NW fracture of the volcano; strong explosive activity occurred just after the effusive stage and many rocks were ejected. The variety of their lithotypes includes three main ejecta types: 1) basanitic to tephri-phonolitic, nearly homogeneous lavas; 2) contact-metamorphosed rocks with a "clastic" texture (conglomerates and/or breccias); and 3) heterogeneous rocks, formed by both lavas and clastic fragments within a single sample (Petti et al., in prep.) .
The osumilite-bearing samples are of type 2 lithology, with fragments ranging from several millimeters to approximately five centimeters in size. They consist of a mixture of indialite, trace amounts of cristobalite and sporadic glass. The fractures and surface of the fragments are covered by whitish crusts, consisting of pale blue to colorless osumilite as flattened hexagonal prisms and colorless hexagonal indialite crystals. Rare tiny crystals of corundum are detected. Late-to post-magmatic phases include euhedral individuals of phlogopite, hematite and magnetite. Gypsum is found as a grain-lining in cavities. During a reinvestigation of ejecta of the 1872 eruption collected at the Royal Mineralogical Museum "Centro Musei delle Science Naturali" of Naples University, an indialite-osumilitebearing sample similar to those studied by Balassone et al. (2004) was identified (sample labeled as "D3 -1872 eruption"). In this sample, osumilite is rare, and traces of Kfeldspar, clinopyroxene, apatite and sodalite have been detected (Petti et al., 2008) . SEM micrographs of osumilite showing a sharp hexagonal prismatic habit are presented in Fig. 1 . The maximum dimension of the osumilite individuals is about 0.5 mm.
Experimental methods X-ray data collection and structure refinement
A bluish hexagonal platy osumilite crystal, 0.25 by 0.25 by 0.1 mm 3 was glued onto a glass fiber and then attached onto the goniometer of an Enraf Nonius CAD4 four-circle single-crystal X-ray diffractometer (graphite monochromatized MoKα X-radiation). Precise unit-cell constants were measured at room temperature from reflections collected in the range 17
• < θ < 25
• , centered at four angular settings (positive and negative θ) to reduce systematic errors. The lattice was found to be metrically hexagonal, with a = b = 10.0946(9) Å and c = 14.3311(9) Å. Intensity data were corrected for Lorentz-polarization and absorption effects (empirical ψ-scans on six reflections) using the program package WinGX (Farrugia, 1998) . Systematic extinctions were consistent with space group P6/mcc. Subsequently, the crystal structure was refined with the program ShelXTL (Bruker, 1997) using neutral-atom scattering factors. The structural model agreed with that of Armbruster & Oberhänsli (1988) . Difference-Fourier maps served to locate minor Na at the B site.
Occupancy was refined for the A (octahedron) and T2 (tetrahedron) sites allowing for Mg, Al and Fe. Following Armbruster & Oberhänsli (1988) , vacancies were refined at the twelve-coordinated C site characteristic for K, and on the B site containing minor Na. Except for B , anisotropic displacement parameters were refined. As Al and Si on T1 cannot be distinguished from each other with conventional X-ray diffraction methods, the T1 tetrahedron was refined as a fully occupied Si-tetrahedron. As indicated by the sharpness of the reflections, the crystal displayed a low degree of mosaicity and suffered from extinction, which was also refined. Data collection and refinement details are summarized in Table 1 .
Microprobe analysis and other analytical details
The crystal used for single-crystal X-ray data collection was also analyzed (10 points) with a JEOL JX-8200 electron-microprobe at the University of Bern. Instrumental conditions were: acceleration voltage 15 kV, probe current 15 nA, beam diameter 7 μm. Orthoclase (Si, K), ilmenite (Ti), anorthite (Al, Ca), almandine (Fe), forsterite (Mg), albite (Na) were used as standards.
Microprobe analysis of other osumilite specimens was done with a wavelength-dispersive Cameca SX50 (CNR, Rome), sample current 15 nA, voltage 10 kV, beam diameter 10 μm, standards: wollastonite (Si, Ca), titanite (Ti), corundum (Al), magnetite (Fe), periclase (Mg), jadeite (Na), orthoclase (K). In each sample, several points were analyzed to check sample homogeneity. Scanning electron microscopy (SEM) observations were made with a JEOL JSM-5310 equipped with a Link energy dispersive spectrometer (EDS) operating at 15 kV. Data were analyzed using the software INCA (Oxford Instrument, 2006) .
Optical features and refractive indices of clear osumilite crystals were measured by polarization microscopy (PM), using a spindle stage and oil immersion at room temperature. Powder X-ray diffraction was used to examine the bulk of the mineral assemblage (Seifert-GE MZVI diffractometer, CuKα radiation, software package RayfleX, GE Inspection Technologies, 2004). 
Results

Structure refinement
Unit-cell constants and refinement details are reported in Fig. 2a , the structure in a projection perpendicular to the a-and c-axis is shown in Fig. 2b .
The A octahedron
The strong positive correlation between the A-O distances and the a-dimension of the unit cell of osumilite (Armbruster & Oberhänsli, 1988) is also confirmed by the sample from Vesuvius (Fig. 3a) . However, only a poor correlation between the c-dimension and the A-O length is present, as already demonstrated by Malsy (2003) (Fig. 3b) . Besides, the A-O distance is mainly influenced by Fe ↔ Mg substitution in this octahedron. The very low Fe-occupancy (0.7(6) %, Table 2) in the A octahedron and the corresponding A-O length of 2.1175(11) Å (Table 4) fit the data from Armbruster & Oberhänsli (1988) and Malsy (2003) very well (Fig. 3c) . 0.0303(7) 0.0303 (7) The T1 tetrahedron
The double rings in the osumilite structure are built from two layers of six-membered corner-shared T1-tetrahedra rings (Fig. 2b) . T1 has average T-O lengths of 1.6268(11) Å , which is a typical value for pure Sitetrahedra (Kunz & Armbruster, 1990) . However, Table 5 shows that about 17.4 % of these positions are occupied by Al.
The T2 tetrahedron
The T2 tetrahedron, mostly occupied by Al (Table 2 and 4), shares two edges with the A octahedron (Fig. 2a) . However, increasing A-O distance does not distort the attached tetrahedron. This is mainly due to the fact that extending the tetrahedral edges shared with the two adjacent octahedra results in shortening of the other edges (Fig. 2a) . For the investigated osumilite from Vesuvius volcano, T2 is mainly occupied by Al (Table 2 ), in agreement with the T2-O length of 1.7750(11) Å (Table 4 ). The T-O length of a pure Al tetrahedron is reported as 1.75 Å (Kunz & Armbruster, 1990) . Figure 3d shows the positive correlation between refined Fe population on the octahedral and tetrahedral sites as observed by Malsy (2003) for several osumilites; Vesuvian osumilite does not fit this trend, nor does it fall into the small field of the osumilites with higher ferric Fe (up to 8 %) in the tetrahedral sites. Small amounts of Mg are also possible in T2, but due to the similar X-ray scattering factor, Al and Mg cannot be distinguished by conventional X-ray diffraction methods. However, only small amounts of Mg can be incorporated in T2, because a fully occupied MgO 4 -tetrahedron has T-O distance of 1.955 Å .
The B site
This position is slightly displaced from the mirror plane at 2/3, 1/3, 0. In the investigated sample, the z coordinate was refined to z = 0.018(4). In the refinement, Na was assigned to the B site, and the displacement parameters for this position were not refined (Table 2) . However, Malsy (2003) reports that anisotropic thermal ellipsoids are strongly elongated along the c-axis, indicating a split position of B below and above the mirror plane.
The C site
The C site at 0, 0, 1/4 represents the main "extraframework" site, lying in the channel parallel c (Fig. 2) . This site was always found to be (partially) occupied by K, but the presence of Na was also reported (Armbruster & Oberhänsli, 1988) . However, Na was not refined on this position, because in this type of site-occupancy refinement, one K combined with a vacancy might represent 2 Na atoms due to the fact that K has almost twice as many electrons as Na.
Chemical composition and optical features
The Vesuvius osumilite crystals are chemically homogeneous. Note: 1-9 = Vesuvius osumilite; *, crystal used for structural refinement; 10-13 = osumilite from other localities; AN = Enderby Land, Antarctica (Grew,1982) ; VV = Vico volcano, Italy (Parodi et al., 1989) ; SAT = Sattelberg-Nickenich, Eifel, Germany (Malsy, 2003) ; BEL = Bellerberg, Eifel, Germany (Schreyer et al., 1983) . FeOt = total iron; Mg# = 100Mg/(Mg+Fe+Mn Fig. 4 , a natural osumilite classification diagram (Parodi et al., 1989) shows that samples from Vesuvius all plot in the field of Mg-and K-rich compositions, between osumilite from Vico volcano (Mg# of 86) and the most Mg-rich composition from Antarctica (Mg# equal to 97).
In thin section, osumilite is uniaxial positive. A few specimens show anomalous biaxiality (2V z of 8-10
• ). PM measurements on refractive indices result in average values of 1.537(3) for ω and 1.546(2) for ε and a birefringence of 0.009. This is in good agreement with the refractive index trends calculated by Armbruster & Oberhänsli (1988) for natural osumilites, with variable Fe at the A site.
Occasionally, a slight dichroism from pale blue to colorless was seen in weakly colored crystals.
Discussion and conclusions
Osumilite from Vesuvius volcano has an average Fe content of 1.78 wt.% (0.247 Fe apfu) and an Mg# value ranging between 88 and 90, thus representing a fairly high Mgrich and Fe-poor composition among the natural varieties. Color itself testifies to low iron content, as the investigated samples are very pale blue or colorless.
Structure refinement has highlighted an occupancy of 99.3 % for Mg at the A site; moreover, a lower Fe content in the refined site populations of the A and T2 sites compared to that of the microprobe analyses has been found, similar to the case of osumilites from Antarctica or Eifel-Nickenich (Armbruster & Oberhänsli, 1988) . A total of 0.113 apfu results from the sum of 0.099 apfu (Fe Reference data and labels as in Table 5. at T2 site) and 0.014 apfu (Fe at A site), whereas the average value obtained from EMP analyses is 0.247 apfu. Structural refinement gives a content of 0.811 apfu for K, lower than that from the microprobe analysis. The discrepancy between the site-occupancy refinement and electron microprobe results might be due to the correlation between refined scale factor and occupation, responsible for the lower values of refined Fe and K.
According to Schreyer et al. (1983) , osumilite rich in Mg can form in both high-and low-P environments, whereas those rich in Fe are limited to volcanic, near-surface environments (as in the Fe-bearing Monte Arci occurrence). Moreover, the P−T stability range of Mg-osumilites is larger than that of Fe-rich osumilites. Inferred physical conditions of formation of the Vesuvian osumilite-bearing hosts may be consistent with high-T , low-P and rapid crystallization; crystallization at high f O 2 can also be demonstrated by the presence of Fe oxides (hematite and magnetite) in the mineral assemblage.
